Introduction
============

Parkinson\'s disease (PD) is a slowly progressive neurodegenerative disorder presenting with multiple motor and non-motor symptoms. Resting tremor is the most identiﬁable sign of PD, and it can occur in postural or kinetic forms, interfering with daily activities and being a source of social embarrassment. The primary therapeutic targets of current medications are bradykinesia, gait disturbance, and rigidity ([@B1]). Surgical intervention via deep brain stimulation (DBS) of the ventral intermediate nucleus (Vim), globus pallidus internus (Gpi), and subthalamic nucleus is a therapeutic option for PD, especially in advanced-stage patients or for medication-refractory patients. However, these treatments are invasive and extremely expensive. Magnetic resonance imaging (MRI)-guided focused ultrasound (MRgFUS) is a new technology that enables minimum intracranial focal ablation. Previous reports on the efficacy and safety of MRgFUS thalamotomy for essential tremor (ET) led to its Food and Drug Administration (FDA) approval ([@B2]). While MRgFUS thalamotomy has not yet been approved for use in treating PD, several reports concerning MRgFUS treatment for PD have been published, as shown in [Table 1](#t001){ref-type="table"} ([@B3]-[@B6]).

###### 

Characteristics of PD Patients who Underwent MRgFUS Treatment.

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Reference   Patients (numbers)   Follow-up (months)   Main symptoms     Target   Outcomes                      Adverse events                                      
  ----------- -------------------- -------------------- ----------------- -------- ----------------------------- --------------------------------------------------- -----------------------------------------------------------------------------------------------------------------------------------------------
  \(3\)       13                   3                    tremor akinesia   PTT      45.7% reduction (part III)                                                        none

  \(4\)       7                    3 to 12              tremor            Vim      49.7 % reduction (total)      Tremor disappeared in 4 patients during follow-up   DP: vertigo (n=4), headache (n=3), dizziness (n=2), lip paresthesia (n=1)\
                                                                                                                                                                     AP: gait ataxia (n=1), unsteady feeling (n=1), hypogeusia (n=1)

                                                                                                                                                                     

  \(5\)       1                    6                    LID               Gpi      60.0% reduction (part III)\   70% reduction of UdysRS                             not described
                                                                                   (on medication)                                                                   

  \(6\)       9\*                  6                    tremor            Vim      46.2% reduction (part II)     Tremor disappeared in 7 patients during follow-up   DP\*\*: vertigo (n=14), headache (n=11), dizziness (n=4), nausea (n=3), burning scalp sensation (n=3), vomiting (n=2), lip paresthesia (n=2)\
                                                                                                                                                                     AP\*\*: gait ataxia (n=5), unsteady feeling (n=4), taste disturbances (n=4), asthenia (n=4), hand ataxia (n=3)
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

LID: levodopa-induced dyskinesia, PTT: pallidothalamic tract, UdysRS: Unified Dyskinesia Rating Scale, DP: during the procedure, AP: after the procedure

\* Seven of the nine patients in (6) were also reported in (4).

\*\* Including the data of 18 ET patients and 3 ET-PD patients who underwent Vim thalamotomy

We herein report a 73-year-old Japanese PD patient who underwent left Vim and ventro oralis posterior nucleus (Vop) thalamotomy using MRgFUS.

Case Report
===========

A right-handed 73-year-old man developed left hand resting tremor at 68 years of age. He was diagnosed with PD according to the UK Parkinson\'s Disease Society Brain Bank Criteria and started treatment with anti-Parkinsonian agents. At 73 years of age, we evaluated him as grade 2.5 on the Hoehn-Yahr scale and prescribed 300 mg of levodopa with benserazide. He had been annoyed by refractory tremor in the extremities and right-hand disability; however, we could not increase the dose of levodopa because of drug-induced hallucinations. We were unable to use dopamine agonists (pramipexole and ropinirole), monoamine oxidase (MAO)-B inhibitor, or catechol-O-methyltransferase (COMT) inhibitor because of daytime sleepiness and hallucination. Furthermore, he was concerned about the invasiveness of DBS and refused it. His Mini-Mental State Examination was 25/30, and he was not demented. The skull density ratio (the mean value for the ratio of Hounsfield units of marrow and cortical bone, which reflects the amount of ultrasound energy that can penetrate the skull effectively) ([@B7]) was 0.42 (exclusion criteria: ≤0.30).

In April 2017, we scheduled MRgFUS thalamotomy, which has been approved by the Review Board of Tokushukai Medical Alliance for PD patients suffering from medication-resistant tremor and who have refused other procedures involving DBS. The patient provided his written informed consent in accordance with the Declaration of Helsinki before treatment commenced.

MRgFUS ultrasonic bursts (sonications) were performed using a 1.5-Tesla MRI (Signa HDx, GE Healthcare, Milwaukee, USA) and a focused ultrasound system (Exablate 4000^Ⓡ^, InSightec, Tirat Carmel, Israel), which received regulatory approved for ET in December 2016 in Japan. The day before thalamotomy, we performed T1- and T2-weighted MRI to plan the procedure. Based on the patient\'s preference, we selected the left Vim and Vop as the target. We chose the target for Vim at a point 7.5 mm anterior to the posterior commissure (PC) and 16.5 mm lateral from the midline, and 1.5 mm above the anterior commissure (AC)-PC line. The Vop is located immediately anterior to the Vim ([Fig. 1](#g001){ref-type="fig"}).

![Anatomical structure of the thalamus and basal ganglia (A) and the MR image used for planning the procedure. Vent: ventricle, Voa: ventral oralis anterior nucleus, Vop: ventral oralis posteriornucleus, Vim: ventral intermediate nucleus, VC: ventral caudalis nucleus, IC: internal capsule, Gpi: globus pallidus internus, Gpe: globus pallidus externus](1349-7235-57-1027-g001){#g001}

On the day of the procedure, we shaved his head completely and placed a stereotactic frame. We attached the head to a helmet with 1,024 ultrasonic transducers. A silicone membrane tightly sealed the space between his head and the transducer, enabling us to surround the head with chilled and degassed water and thereby preventing excessive scalp heating and minimizing acoustic reflection. We gradually increased the total energy of the sonications by either increasing the intensity or extending the sonication duration. We finished the sonications when an adequate reduction in both tremor and rigidity were observed. Right-side resting tremor and rigidity were abolished immediately following 10 sonications with an average maximum sonication time of 13.0 ± 3.4 seconds (range 10-17 seconds). The mean energy reached 5,382.7 ± 3,639.2 J (range 1,977-10,086 J) with a mean maximum temperature of 53.3 ± 6.9 °C (range 45-64 °C). In addition, his left-side resting tremor and rigidity also improved. No adverse events occurred during sonications. Bradykinesia was exacerbated after thalamotomy; however, we did not observe any right-sided weakness, pathological reflex, or ataxia.

As we confirmed an edematous lesion around the target, we administered 30 mg of prednisolone for 5 days followed by 15 mg for 2 days, which improved his bradykinesia within 2 weeks from the procedure ([Fig. 2](#g002){ref-type="fig"}). We administered the Movement Disorder Society-Sponsored Revision of the Unified Parkinson\'s Disease Rating Scale (MDS-UPDRS)-Part III at baseline and 4 and 9 weeks after thalamotomy. The total score and the scores of items 3 (rigidity), 17 (rest tremor amplitude), and 18 (constancy of rest tremor) decreased from baseline. Neither tremor nor rigidity were exacerbated, despite reducing the dose of levodopa. However, the scores of items 5 (left hand movements) and 9 (arising from chair) increased after the procedure ([Table 2](#t002){ref-type="table"}).

![T2-weighted MR image of the brain showing the coagulated lesion (white arrow, A: immediately after thalamotomy, B: 7 days after thalamotomy, C: 1 month after thalamotomy). The hypointense zone at the center was considered to indicate microbleeding. Surrounding edema was obvious at seven days after thalamotomy (B), but it improved after the administration of corticosteroid (C).](1349-7235-57-1027-g002){#g002}

###### 

The Changes in the UPDRS Part III Score and Levodopa Dose.

                                                         Baseline   After 4 weeks   After 9 weeks
  ---- ------------------------------------------------- ---------- --------------- ---------------
       MDS-UPDRS part III                                                           
       Total score                                       39         19              20
  1    Speech                                            2          1               1
  2    Facial expression                                 2          2               3
  3    Rigidity - neck                                   1          0               0
       \- RUE                                            2          0               0
       \- RLE                                            0          0               0
       \- LUE                                            1          0               0
       \- LLE                                            0          0               0
  4    Finger tapping - Right                            1          0               1
       \- Left                                           1          1               0
  5    Hand movements - Right                            1          1               1
       \- Left                                           1          2               2
  6    Pronation-Supination movements of hands - Right   1          1               1
       \- Left                                           2          2               1
  7    Toe tapping - Right                               1          0               0
       \- Left                                           1          0               0
  8    Leg agility - Right                               0          0               0
       \- Left                                           0          0               0
  9    Arising from chair                                0          3               1
  10   Gait                                              1          0               1
  11   Freezing of gait                                  0          0               0
  12   Postural stability                                0          0               1
  13   Posture                                           1          1               1
  14   Global spontaneity of movement                    1          1               2
  15   Posturaltremor of the hands - Right               1          0               0
       \- Left                                           1          1               1
  16   Kinetic tremor of the hands - Right               2          0               0
       \- Left                                           2          1               1
  17   Rest tremor amplitude - RUE                       3          0               0
       \- RLE                                            2          0               0
       \- LUE                                            3          1               1
       \- LLE                                            2          0               0
       \- Lip/Jaw                                        0          0               0
  18   Constancy of rest tremor                          3          1               1
       L-dopa                                            300mg      300mg           250mg

RUE: right upper extremity, RLE: right lower extremity, LUE: left upper extremity, LLE: left lower extremity

Discussion
==========

The therapeutic use of focused ultrasound started in the 1950s. In those days, a craniotomy was essential to provide an acoustic window ([@B8]); however, we can now perform this procedure without any incisions or burr holes due to technical advances. Furthermore, we can monitor the location and the temperature of the targeted lesion in real time. [Table 3](#t003){ref-type="table"} summarizes the features of the current radiological or neurosurgical approaches ([@B9]). MRgFUS thalamotomy is characterized by minimum invasiveness, no exposure to radiation, and an immediate therapeutic effect. The common sonication-related adverse events include vertigo or dizziness, headache, and nausea. Gait disturbance (including an unsteady feeling in walking) and paresthesia are typical adverse events reported to last after thalamotomy ([@B2], [@B4], [@B6]). These events have been reported to persist in 9% and 14% at 12 months, respectively ([@B2]). However, Zaaroor et al. found that no adverse event lasted beyond three months ([@B6]). Our patient experienced an exacerbation of bradykinesia, which led to a deterioration in the hand movements and ability to rise from a chair. Edema surrounding the target lesion might have resulted in the impairment of the decreased dopaminergic neurons from the substantia nigra to striatum. While an increasing trend in the exacerbation of bradykinesia was noted, whether it will be transient or permanent remains to be seen.

###### 

The Features of the Current Radiological and Neurosurgical Treatments in Functional Neurosurgery (9).

                              RF-thermo coagulation   γ-knife                DBS               MRgFUS
  --------------------------- ----------------------- ---------------------- ----------------- --------------------
  Hair shaving                slight                  none                   partial           complete
  Incision / Burr hole        must                    none                   must              none
  Device implantation         no                      no                     yes               no
  Radiation                   low (X-ray, CT)         high                   low (X-ray, CT)   low (screening CT)
  General anesthesia          no                      no                     yes\*             no
  Therapeutic duration        1hr                     1hr                    2\~4hrs           4hrs
  Efficacy onset              immediate               delayed up to 1 year   adjustable        immediate
  Bilateral procedure         impossible              impossible             possible          possible
  post-treatment MRI          possible                possible               impossible        possible
  Hemorrhagic complications   possible                almost none            possible          possible
  Infection                   possible                none                   possible          none
  Long-term data              yes                     yes                    yes               unknown

\* For implantation of pulse generator

Resting tremor is a major symptom of PD, and it usually improves with dopaminergic therapy. However, the responsiveness of resting tremor to medication is often of a lesser extent than bradykinesia and rigidity ([@B1]). There have been several reports on the clinical efficacy and safety of Vim thalamotomy using MRgFUS for medication refractory tremor in ET and PD ([@B2], [@B4], [@B6]). The Vim has been regarded as a generator of tremor because of its rhythmic neural activity related to contralateral tremor ([@B10]). In addition, connections with the Vim, primary motor cortex, and dentate nucleus were suggested to correlate with tremor ([@B11]). We therefore selected the Vim as the therapeutic target for tremor. In addition, we added the Vop because rigidity was considered to be associated with the pallidal-Vo complex, the combination of the ventral oralis anterior nucleus (Voa) plus Vop ([@B10]).

Our patient also showed improvement in left-side resting tremor and rigidity. Anecdotal evidence exists concerning the therapeutic effects of unilateral Vim thalamotomy on ipsilateral tremor in PD patients ([@B12], [@B13]); however, the reason for this effect has yet to be clearly explained. This is the first experience of Vim plus Vop thalamotomy for a PD patient using MRgFUS in Japan. Although the reason for the effect is unclear, not only contralateral but also ipsilateral tremor and rigidity improved. The long-term efficacy and safety of MRgFUS thalamotomy for PD patients is still unclear, and we must investigate the exacerbation of bradykinesia after the procedure. In addition, we must explore the adverse events, including gait and sensory disturbances. However, these findings overall suggest that MRgFUS thalamotomy may become a viable therapeutic option for PD patients with medication-resistant symptoms who refuse other neuroradiological or neurosurgical procedures.
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